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3UHSDUDWLRQDQG3KRWRYROWDLF3URSHUWLHVRI3\UHQH7KLHQR>
F@S\UUROHGLRQH%DVHG'RQRU$FFHSWRU3RO\PHUV

%DNKHW$$OTXUDVK\D$KPHG,UDTLD<LZHL=KDQJEDQG'DYLG*/LG]H\E
D'HSDUWPHQWRI&KHPLVWU\8QLYHUVLW\RI6KHIILHOG6KHIILHOG6+)8.(PDLO
DLUDTL#VKHIILHOGDFXN
E'HSDUWPHQWRI3K\VLFVDQG$VWURQRP\8QLYHUVLW\RI6KHIILHOG6KHIILHOG65+8.(PDLO
GJOLG]H\#VKHIILHOGDFXN
$EVWUDFW
)RXUQHZGRQRUDFFHSWRUFRQMXJDWHGFRSRO\PHUVFRQWDLQLQJS\UHQHPRLHWLHVIODQNHGE\WKLHQ\O
RUELWKLHQ\OJURXSVDVDGRQRUXQLWVDQGWKLHQR>F@S\UUROHGLRQH73'DVDFFHSWRUXQLWV
ZHUH VXFFHVVIXOO\ SUHSDUHG via D GLUHFW DU\ODWLRQ SRO\PHULVDWLRQ PHWKRG :KLOH DOO SRO\PHUV
SUHSDUHG KDG HWK\OKH[\OR[\VXEVWLWXHQWV RQ WKH S\UHQH UHSHDW XQLWV WZR GLIIHUHQW DON\O
VXVEWLWXHQWVRFW\ORUKH[\OSKHQ\OJURXSVZHUHDWWDFKHGWRWKHLU73'PRLHWLHV7KHLQIOXHQFH
RIWKHVHGLIIHUHQWVXEVWLWXHQWVDVZHOODVWKHQXPEHURIWKLHQ\OXQLWVOLQNLQJWKHS\UHQHDQG73'
XQLWVDORQJSRO\PHUFKDLQVRQWKHSKRWRSK\VLFDOHOHFWURQLFDQGSKRWRYROWDLFSURSHUWLHVRIWKHVH
PDWHULDOV ZDV LQYHVWLJDWHG $OO SRO\PHUV GLVSOD\HG JRRG WKHUPDO VWDELOLW\ XS WR & 7KH
RSWLFDOEDQGJDSRIWKHIRXUSRO\PHUV33(+'773'233(+'773'+333(+'773'2DQG
33(+'773'+3 ZHUH HVWLPDWHG WR EH    DQG  H9 UHVSHFWLYHO\ 3RO\PHUV
WKDWSRVVHVVHGDVLQJOHWKLRSKHQHXQLWDWWDFKHGWRWKHS\UHQHXQLW33(+'773'2DQG33(+'7
73'+3GLVSOD\HGGHHSHU+202OHYHOV FRPSDUHG WR WKRVHZLWKELWKLRSKHQHXQLWV33(+'7
73'2 DQG 33(+'773'+3 3KRWRYROWDLF GHYLFHV ZHUH IDEULFDWHG IURP DOO SRO\PHUV
33(+'773'2ERDVWHGWKHKLJKHVWHIILFLHQF\ZLWKD3&(DFFRIDJVFRI
P$FPDQGDVRFRI9
.H\ZRUGV
3\UHQHWKLHQR>F@S\UUROHGLRQHFRQMXJDWHGSRO\PHUV%+-VRODUFHOOV

 
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
,QWURGXFWLRQ
6RODUHQHUJ\KDVSURYHQWREHDSURPLVLQJDOWHUQDWHHQHUJ\VRXUFHWRWKHILQLWHHQYLURQPHQWDOO\
KDUPIXOIRVVLOIXHOVWKDWDUHFXUUHQWO\XVHGDVWKHZRUOG¶VPDLQVRXUFHRIHQHUJ\>@,QRUJDQLF
VRODU FHOOV EDVHG RQ FU\VWDOOLQH VLOLFRQKDYH GHPRQVWUDWHG HIILFLHQFLHV LQ H[FHVVRI   >@
+RZHYHU WKHLU PDQXIDFWXULQJ FRVWV KLJK HPERGLHG HQHUJ\ DQG WHPSHUDWXUH GHSHQGDQW
SHUIRUPDQFHKDYHUHVWULFWHGWKHZLGHVSUHDGXVHRIWKLVWHFKQRORJ\>@&RQVHTXHQWO\UHVHDUFK
LQWR DOWHUQDWLYH SKRWRYROWDLF GHYLFHV KDV EHHQ LQLWLDWHG 2UJDQLF SKRWRYROWDLF GHYLFHV ZKLFK
XWLOLVHFRQMXJDWHGSRO\PHUVDQGIXOOHUHQHGHULYDWLYHVLQWKHDFWLYHOD\HUKDYHVKRZQSURPLVHDV
DQ DOWHUQDWLYH WR WUDGLWLRQDO LQRUJDQLF VRODU FHOOV >@ 2UJDQLF VRODU FHOOV SRVVHVV VHYHUDO
DGYDQWDJHVRYHUWKHLULQRUJDQLFFRXQWHUSDUWVLQFOXGLQJDEXQGDQWPDWHULDOVIRUIDEULFDWLRQFDQEH
PDQXIDFWXUHGXVLQJORZFRVWVROXWLRQEDVHGPDQXIDFWXULQJRQIOH[LEOHVXEVWUDWHVDUHOLJKWZHLJKW
DQG FDQ EH UHF\FOHG >@ +RZHYHU RUJDQLF VRODU GHYLFHV KDYH WKUHH PDMRU GLVDGYDQWDJHV
VWDELOLW\OLIHWLPHDQGHIILFLHQF\>@2UJDQLFVRODUFHOOVH[KLELWHIILFLHQFLHVORZHUWKDQWUDGLWLRQDO
GHYLFHVKRZHYHUSRZHUFRQYHUVLRQHIILFLHQFLHVH[FHHGLQJKDYHEHHQUHFRUGHGZLWKWKHVH
FHOOV>@:RUNFRQWLQXHVLQRUGHUWRLPSURYHWKHVWDELOLW\DQGHIILFLHQF\RIRUJDQLFVRODUFHOOVLQ
RUGHUWRPDNHRUJDQLFSKRWRYROWDLFVDVXVWDLQDEOHWHFKQRORJ\>@
7UDGLWLRQDOSDOODGLXPFDWDO\VHGFURVVFRXSOLQJUHDFWLRQV6X]XNLRU6WLOOHDUHFRPPRQO\XVHGLQ
WKHSUHSDUDWLRQRIFRQMXJDWHGSRO\PHUVXVHGLQWKHDFWLYHOD\HURIRUJDQLFSKRWRYROWDLFGHYLFHV
>@ 7KHVH FURVVFRXSOLQJ UHDFWLRQV LQYROYH WKH XVH RI RUJDQRERURQ RU WLQ UHDJHQWV ZKLFK DUH
H[SHQVLYH WR SUHSDUH DQG WR[LF LQ WKH FDVH RI WLQ FRPSRXQGV >@ 7KHVH GUDZEDFNV KDYH
DFFHOHUDWHG WKH GHYHORSPHQW RI DOWHUQDWLYH FURVVFRXSOLQJ UHDFWLRQV $PRQJVW WKHVH PHWKRGV
GLUHFWDU\ODWLRQSRO\PHULVDWLRQ'$U3KDVVKRZQJUHDWSURPLVHDVDQDOWHUQDWLYHWR WUDGLWLRQDO
URXWHV>@'$U3DFWLYDWHVWKH&+ERQGRIKHWHURDUHQHVIDFLOLWDWLQJFRXSOLQJWRDQDU\OKDOLGH
7KLV RFFXUV ZLWKRXW WKH QHHG IRU RUJDQRPHWDOOLF UHDJHQWV ZKLFK PLQLPLVHV WKH QXPEHU RI
V\QWKHWLFVWHSV>@
7KH WKLHQR>F@S\UUROHGLRQH 73' PRLHW\ KDV EHHQ H[WHQVLYHO\ LQYHVWLJDWHG IRU XVH LQ
RUJDQLFVRODUFHOOV>@7KH73'PRLHW\SRVVHVVHVDKLJKGHJUHHRIVWUXFWXUDOV\PPHWU\DQG
SODQDULW\ZKLFKFDQDLGHOHFWURQLFGHORFDOLVDWLRQDORQJWKHSRO\PHUEDFNERQHUHVXOWLQJLQDORZ
EDQGJDSDQGPRUHHIILFLHQWKDUYHVWLQJRIVXQOLJKW7KHHOHFWURQGHILFLHQW LPLGHJURXSUHQGHUV
WKH 73' PRLHW\ HOHFWURQGHILFLHQW >@ 7KXV ZKHQ SRO\PHULVHG ZLWK DQ HOHFWURQULFK
3

PRQRPHUWKH73'XQLWFDQIRUPDKLJKO\DGYDQWDJHRXVGRQRUDFFHSWRUDUUDQJHPHQWZKLFKFDQ
LPSURYH FKDUJH WUDQVIHU DORQJ WKH SRO\PHU EDFNERQH )XUWKHUPRUH WKH 73' PRLHW\ FDQ EH
IXQFWLRQDOLVHGE\DWWDFKLQJGLIIHUHQWVROXELOLVLQJJURXSVWRWKHQLWURJHQRIWKHLPLGHJURXS>@
/HFOHUF et al LQLWLDWHG UHVHDUFK LQWR WKH 73' PRLHW\ E\ FRSRO\PHULVLQJ 73' ZLWK
EHQ]RGLWKLRSKHQH %'7 7KH UHVXOWLQJ FRSRO\PHU H[KLELWHG DQ HIILFLHQF\RI >@ &KX
DQG FRZRUNHUV V\QWKHVLVHG WKH KLJK PROHFXODU ZHLJKW 3'7673'& FRSRO\PHU ZKLFK
GHPRQVWUDWHG DQ HIILFLHQF\ RI   ZKHQ IDEULFDWHG LQWR %+- SKRWRYROWDLF GHYLFHV >@
5HFHQWO\&OpPHQWet alLQYHVWLJDWHGWKHLPSDFWVLGHFKDLQVKDYHLQ3%'773'SRO\PHUVDQGWKH
LQIOXHQFHWKH\KDYHRQWKHHIILFLHQF\RI%+-GHYLFHV7KHUHVHDUFKJURXSGLVFRYHUHGWKDW73'
PRLHWLHV VXEVWLWXWHG ZLWK QKHSW\O VXEVWLWXHQWV H[KLELWHG GHYLFHV ZLWK D SRZHU FRQYHUVLRQ
HIILFLHQF\XSWRDQGDVRFRI9>@
3\UHQHDVDFODVVRISRO\F\FOLFDURPDWLFK\GURFDUERQV3$+VKDYHEHHQXVHG LQ2/(')(7
DQGUHFHQWO\239GHYLFHV>@3\UHQHEDVHGFRQMXJDWHGSRO\PHUVKDYHJDLQHGOLWWOHLQWHUHVW
IURPUHVHDUFKHUVUHODWLYHWRRWKHUV3$+VXFKDVDQWKUDFHQHDQGQDSKWKDOHQH>@7KHPDLQ
UHDVRQIRUWKHOLPLWHGQXPEHUVRIUHSRUWVLVWKHUHVWULFWHGPHWKRGRORJ\IRUWKHIXQFWLRQDOL]DWLRQ
RI WKH S\UHQH PRLHW\ 7KH PDMRULW\ RI V\QWKHVLV UHSRUWHG LQ WKH OLWHUDWXUH KDV LQYHVWLJDWHG WKH
VXEVWLWXWLRQRIS\UHQHDWWKH³´³´DQG³´SRVLWLRQV>@3\UHQHLVDQHOHFWURQ
ULFKSODQDUDQGV\PPHWULFDOXQLWWKDWVKRXOGGLVSOD\DVWURQJʌʌVWDFNLQJ>@/LXHWDOUHSRUWHG
WKHV\QWKHVLVRI VHULHVRIS\UHQHGLNHWRS\UURORS\UUROHEDVHGROLJRPHUV IRUXVH LQRUJDQLFVRODU
FHOOV >@ 3\3K7K'33 H[KLELWHG D ORZ EDQG JDS RI  H9 :KHQ IDEULFDWHG LQWR
SKRWRYROWDLFGHYLFHV3\3K7K'33H[KLELWHGDQHIILFLHQF\RI>@5HFHQWO\:DQJ
et al V\QWKHVLVHG3'73\DOW'33ZKLFKGHPRQVWUDWHGDQHIILFLHQF\RIZKHQIDEULFDWHG
LQWR%+-VRODUFHOOVXVLQJ3&%0DVDQDFFHSWRU>@
,Q WKLV FRQWULEXWLRQ ZH UHSRUW WKH V\QWKHVLV DQG FKDUDFWHULVDWLRQ RI IRXU QRYHO '±$ SRO\PHUV
FRPSULVLQJDOWHUQDWHS\UHQHDQG73'XQLWVZKLFKZHUHXVHGDVWKHHOHFWURQGRQRUDQGHOHFWURQ
DFFHSWRU UHVSHFWLYHO\ 3RO\
WHWUDNLVHWK\OKH[\OR[\S\UHQH
GL\OGLWKLRSKHQHDOWRFW\OWKLHQR>F@S\UUROHGLRQH 33(+'773'2 SRO\

WHWUDNLVHWK\OKH[\OR[\S\UHQHGL\OGLWKLRSKHQHDOWKH[\OSKHQ\O
WKLHQR>F@S\UUROHGLRQH 33(+'773'+3 SRO\

WHWUDNLV
HWK\OKH[\OR[\S\UHQHGL\OGL
ELWKLRSKHQHDOWRFW\OWKLHQR>F@S\UUROHGLRQH
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
33(+'773'2 DQG SRO\

WHWUDNLVHWK\OKH[\OR[\S\UHQHGL\OGL

ELWKLRSKHQHDOWKH[\OSKHQ\OWKLHQR>F@S\UUROHGLRQH 33(+'773'+3 ZHUH
V\QWKHVLVHG via D GLUHFW DU\ODWLRQ SRO\PHULVDWLRQ PHWKRG 6FKHPH  6WXGLHV RQ WKH
SKRWRSK\VLFDO HOHFWURQLF DQG SKRWRYROWDLF SURSHUWLHV RI WKH IRXU SRO\PHUV DUH SUHVHQWHG DQG
GLVFXVVHG

6FKHPH6WUXFWXUHRI33(+'773'233(+'773'+333(+'773'2DQG33(+'773'+3
5HVXOWVDQG'LVFXVVLRQV
0RQRPHUV\QWKHVLV
RFW\O+WKLHQR>F@S\UUROH+GLRQH 0 ZDV SUHSDUHG DFFRUGLQJ WR OLWHUDWXUH
SURFHGXUHV >@ 7KH V\QWKHVLV RI KH[\OSKHQ\O+WKLHQR>F@S\UUROH+GLRQH
0
WHWUDNLVHWK\OKH[\OR[\S\UHQHGL\OELVEURPRWKLRSKHQH0DQG




WHWUDNLVHWK\OKH[\OR[\S\UHQHGL\OELVEURPR
ELWKLRSKHQH 0
DUH GHSLFWHG LQ 6FKHPH  6WLOOH FRXSOLQJ RI GLEURPRWHWUDNLV
HWK\OKH[\OR[\S\UHQH  ZLWK WULEXW\OVWDQQ\OWKLRSKHQH DQG ZLWK 
ELWKLRSKHQ\O
WULPHWK\OVWDQQDQHSURGXFHGLQWHUPHGLDWHVDQGUHVSHFWLYHO\LQD\LHOGRIIRUDQG
5

IRU%URPLQDWLRQRIDQGXVLQJ1EURPRVXFFLQLPLGH1%6\LHOGHGWKHWDUJHWPRQRPHUV
0DQG07KHVHZHUHREWDLQHGLQD\LHOGRIDQGUHVSHFWLYHO\

6FKHPH6\QWKHWLFURXWHWRZDUGVPRQRPHUV00DQG0
3RO\PHUV\QWKHVLV
7KH IRXU SRO\PHUV ZHUH SUHSDUHG via GLUHFW DU\ODWLRQ SRO\PHUL]DWLRQ 3G&O0H&1 DQG
3&+R20HZHUHXVHGDV WKHFDWDO\VWDQGFHVLXPFDUERQDWH &V&2DV WKHEDVH3LYDOLF
DFLG3LY2+ZDVXVHGDVWKHFDUER[\ODWHVRXUFHDQG7+)DVWKHVROYHQW3UHYLRXVOLWHUDWXUHKDV
VKRZQ WKDW D FDUER[\ODWH VRXUFH LV HVVHQWLDO IRU GLUHFW DU\ODWLRQ >@ 7KH FDUER[\ODWH VRXUFH
JHQHUDWHV DSDOODGLXPFDUER[\ODWHZKLFKEUHDNV WKH&+ERQGRIKHWHURDUHQHV IDFLOLWDWLQJ WKH
FURVVFRXSOLQJUHDFWLRQ7KHSRO\PHULVDWLRQVRI33(+'773'2DQG33(+'773'+3ZHUH OHIW
IRUKRXUV,QFRQWUDVWWKHSRO\PHULVDWLRQRI33(+'773'2DQG33(+'773'+3ZHUHOHIW
IRUDQGKRXUVUHVSHFWLYHO\DVLQWKHSUHSDUDWLRQRIWKHODWWHUWZRSRO\PHUVODUJHTXDQWLWLHVRI
PDWHULDOV IRUPHG SUHFLSLWDWHV DW WKH HDUO\ VWDJHV RI WKH UHDFWLRQV 7KH FUXGH SRO\PHUV ZHUH
6

SXULILHGvia6R[KOHWH[WUDFWLRQXVLQJPHWKDQRODFHWRQHDQGKH[DQHWRUHPRYHFDWDO\WLFUHVLGXHV
DQGROLJRPHUV 7ROXHQH DQG FKORURIRUP ZHUH WKHQXVHG LQ VXFFHVVLRQ WR H[WUDFW WKHSRO\PHUV
33(+'773'+3SURYLGHGPRVWRI LWVKLJKPROHFXODUZHLJKWIUDFWLRQIURPWKHWROXHQHIUDFWLRQ
ZKLOH IRU 33(+'773'2 33(+'773'2 DQG 33(+'773'+3 WKH FKORURIRUP IUDFWLRQV
H[WUDFWHGWKHGHVLUHGIUDFWLRQVRIWKHSRO\PHUV
7KHFKHPLFDOVWUXFWXUHVRI33(+'773'233(+'773'+333(+'773'2DQG33(+'7
73'+3 ZHUH FRQILUPHG E\ +105 DQG HOHPHQWDO DQDO\VLV 7KH QXPEHU DYHUDJH PROHFXODU
ZHLJKW MQ DQG ZHLJKW DYHUDJH PROHFXODU ZHLJKW MZ RI DOO SRO\PHUV ZHUH HVWLPDWHG IURP
KLJK WHPSHUDWXUH & JHO SHUPLVVLRQ FKURPDWRJUDSK\ *3& DQDO\VLV XVLQJ D VHULHV RI
SRO\VW\UHQHVWDQGDUGVDQGWULFKORUREHQ]HQH7&%DVWKHHOXHQW7KHGDWDLVVXPPDUL]HG
LQ7DEOH3RO\PHUVWKDWDUHVXEVWLWXWHGZLWKWKHDURPDWLFKH[\OSKHQ\OJURXSVGLVSOD\HGORZHU
PROHFXODUZHLJKWVUHODWLYHWRWKHLUFRXQWHUSDUWVZLWKRFW\OVXEVWLWXHQWV,W LVVSHFXODWHGWKDWWKH
SODQDU DURPDWLF ULQJ DWWDFKHG WR WKH 73' PRLHWLHV LQ WKHVH SRO\PHUV SURPRWHV SODQDULW\ DQG
DJJUHJDWLRQRISRO\PHUEDFNERQHVZKLFKLPSHGHVWKHH[WHQWRIWKHLUGHJUHHRISRO\PHULVDWLRQ
3RO\PHUV WKDW LQFRUSRUDWH ELWKLRSKHQH XQLWV EHWZHHQ WKH S\UHQH DQG 73' XQLWV 33(+'7
73'2 DQG 33(+'773'+3 H[KLELWHG ORZHU PROHFXODU ZHLJKWV UHODWLYH WR WKHLU FRXQWHUSDUWV
ZKLFK SRVVHVV D VLQJOH WKLRSKHQH XQLW :KHQ FRPSDUHG WR WKLRSKHQH WKH ELWKLRSKHQH XQLW
SRVVHVVHV DQ H[WHQGHG ʌFRQMXJDWLRQ ZKLFK SURPRWHV DJJUHJDWLRQ RI SRO\PHU FKDLQV DQG D
UHGXFHGPROHFXODUZHLJKW
7DEOH*3&RSWLFDODQGHOHFWURFKHPLFDOGDWDIRU33(+'773'233(+'773'+333(+'773'2
DQG33(+'773'+3
3RO\PHUV 0Q'DF 0Z'DF 3',
ȜPD[QP
(JRSWH9G +202H9H /802H9I (JHOHH9J
6ROXWLRQ )LOP
33(+'773'2D         
33(+'773'+3E         
33(+'773'2D         
33(+'773'+3D         
D0HDVXUHPHQWVFRQGXFWHGRQWKHFKORURIRUPIUDFWLRQRIWKHSRO\PHUVE0HDVXUHPHQWVFRQGXFWHGRQWKHWROXHQHIUDFWLRQRIWKH
SRO\PHUVF'HWHUPLQHGE\*3&LQWULFKORUREHQ]HQHDW&G2SWLFDOEDQGJDSH+202OHYHOGHWHUPLQHGIURPWKHRQVHW
RIR[LGDWLRQI/802OHYHOGHWHUPLQHGIURPWKHRQVHWRIUHGXFWLRQJ(OHFWURFKHPLFDOEDQGJDS
7

89YLVDEVRUSWLRQVSHFWURVFRS\
7KH 89YLV DEVRUSWLRQ VSHFWUD RI 33(+'773'2 33(+'773'+3 33(+'773'2 DQG
33(+'773'+3ZHUH UHFRUGHG LQFKORURIRUPVROXWLRQ )LJXUHDDQG WKLQ ILOP )LJXUHE
7KHUHVXOWVDUHVXPPDUL]HGLQ7DEOH$OOSRO\PHUVGLVSOD\HGDEVRUSWLRQEDQGVLQWKHUDQJHRI
QPDQGQP7KHEDQGVORFDWHGDWVKRUWZDYHOHQJWKVFDQEHDWWULEXWHGWRWKHS±
SWUDQVLWLRQVRIWKHFRQMXJDWHGEDFNERQHZKLOHWKRVHORFDWHGDWORQJZDYHOHQJWKVFRUUHVSRQGWR
LQWUDPROHFXODU FKDUJH WUDQVIHU ,&7 EDQGV DORQJ WKH FRQMXJDWHG SRO\PHU EDFNERQH IURP WKH
HOHFWURQ ULFK XQLW WKH S\UHQH PRLHWLHV IODQNHG E\ WKLHQ\O RU GLWKLHQ\O XQLWV WR WKH HOHFWURQ
GHILFLHQWXQLWWKH73'PRLHW\,QGLOXWHFKORURIRUPVROXWLRQVWKH,&7EDQGRI33(+'773'2
33(+'773'+333(+'773'2DQG33(+'773'+3 DUHSRVLWLRQHGDWDQG
QPUHVSHFWLYHO\,QWKLQILOPWKLVZDVUHGVKLIWHGWRDQGQPIRU33(+'7
73'2 33(+'773'+3 33(+'773'2 DQG 33(+'773'+3 UHVSHFWLYHO\ 7KH UHGVKLIWV
LQGLFDWHWKDWWKHSRO\PHUVDGRSWPRUHRUGHUHGSODQDUVWUXFWXUHVLQWKHVROLGVWDWH

)LJXUH1RUPDOLVHG89YLVDEVRUSWLRQVSHFWUDRI33(+'773'233(+'773'+333(+'773'2
DQG33(+'773'+3LQDFKORURIRUPVROXWLRQVDQGEWKLQILOPV
6KRXOGHUSHDNVDSSHDUHGLQWKHVROLGVWDWHDWORQJHUZDYHOHQJWKVIRUDOOSRO\PHUV,QWHUHVWLQJO\
WKHVHVKRXOGHUSHDNVDUHQRWYHU\SURPLQHQWLQVROXWLRQ7KLVSKHQRPHQRQFDQEHDWWULEXWHGWR
PRUHRUGHUHGVWUXFWXUHVRISRO\PHUEDFNERQHVLQWKHVROLGVWDWHDQGLVEHOLHYHGWRDULVHIURPD
SURQRXQFHG VWDFNLQJ DQG DJJUHJDWLRQ RI SRO\PHU FKDLQV LQ ILOPV 33(+'773'2 DQG
33(+'773'+3 ZKLFK SRVVHVV ELWKLRSKHQH VSDFHU XQLWV GLVSOD\ UHG VKLIWHG DEVRUSWLRQ
PD[LPD UHODWLYH WR WKHLU DQDORJRXV SRO\PHUV WKDW FRQWDLQ VLQJOH WKLRSKHQH XQLWV 7KLV FDQ EH
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DWWULEXWHGWRWKHH[WHQGHGFRQMXJDWLRQOHQJWKRIWKHELWKLRSKHQHXQLWZKLFK\LHOGVDPRUHSODQDU
FRQIRUPDWLRQ)XUWKHUPRUHWKHHOHFWURQGRQDWLQJSURSHUWLHVRIWKHELWKLRSKHQHXQLWVDUHKLJKHU
WKDQWKRVHRIDVLQJOHWKLRSKHQHXQLWOHDGLQJWRPRUHSURQRXQFHGLQWUDPROHFXODUFKDUJHWUDQVIHU
EHWZHHQ WKH GRQRU DQG DFFHSWRU XQLWV 7KH RSWLFDO EDQG JDSV RI 33(+'773'2 33(+'7
73'+333(+'773'2DQG33(+'773'+3ZHUHHVWLPDWHGWREHDQG
H9UHVSHFWLYHO\33(+'773'2DQG33(+'773'+3H[KLELWHGQDUURZHURSWLFDOEDQGJDSV
UHODWLYHWR33(+'773'2DQG33(+'773'+37KHELWKLRSKHQHXQLWHQKDQFHVLQWUDPROHFXODU
FKDUJHWUDQVIHUDORQJWKHSRO\PHUEDFNERQH LQFUHDVLQJWKHHOHFWURQGHORFDOL]DWLRQOHDGLQJWRD
ORZHURSWLFDOEDQGJDS
33(+'773'233(+'773'+333(+'773'2DQG33(+'773'+3DUHVLPLODUSRO\PHUV
WR DQWKUDFHQH73' EDVHG SRO\PHUV SUHSDUHG E\ &DUWZULJKW et al >@ 7,36IXQFWLRQDOL]HG
DQWKUDFHQH ZDV XVHG DV DQ HOHFWURQ GRQRU LQVWHDG RI S\UHQH PRLHW\ >@ 37$73'2
37$73''02DQG37$73'%3ZHUHV\QWKHVLVHGZLWKRSWLFDOEDQGJDSVRIDQG
 H9 UHVSHFWLYHO\ 7KH S\UHQH73' EDVHG FRSRO\PHUV V\QWKHVLVHG LQ WKLV FRQWULEXWLRQ
H[KLELWHGORZHURSWLFDOEDQGJDSVUHODWLYHWRWKRVHSUHSDUHGE\&DUWZULJKWet al >@. 7KLVFDQEH
DVFULEHG WR WKH DGGLWLRQDO EHQ]HQH ULQJ LQ WKH S\UHQH PRLHW\ ZKLFK LQFUHDVHV WKH FRQMXJDWLRQ
OHQJWKSURGXFLQJKLJKHUFRSODQDUSRO\PHUVWUXFWXUHVWKDWLQFUHDVHVʌʌVWDFNLQJLQWKHWKLQILOP
+RZHYHU LW VKRXOG EH QRWHG WKDW WKH DQWKUDFHQH73' EDVHG FRSRO\PHUV GLG QRW SRVVHVV DQ\
WKLRSKHQH VSDFHU XQLWV >@ 7KH DXWKRUV VSHFXODWHG WKDW WKH ODFN RI D VSDFHU XQLW \LHOG ODUJH
DPRXQWV RI LQWUDPROHFXODU VWHULF UHSXOVLRQ EHWZHHQ VROXELOLVLQJ JURXSV DORQJ SRO\PHU FKDLQV
ZKLFK UHGXFHV WKH SODQDULW\ DQG GHFUHDVHG WKH HOHFWURQLF FRQMXJDWLRQ >@ :RUN FRQGXFWHG
ZLWKLQWKLVFRQWULEXWLRQVXJJHVWVWKDWWKHLQFRUSRUDWLRQRIVSDFHUXQLWVWKLRSKHQHRUELWKLRSKHQH
PLQLPLVHV WKHVH LQWUDPROHFXODU VWHULF UHSXOVLRQV IDFLOLWDWLQJ WKH IRUPDWLRQ RI PRUH SODQDU
SRO\PHUEDFNERQHVZLWKORZHURSWLFDOEDQGJDSV
7KHUPDOSURSHUWLHV
7KH WKHUPDO FKDUDFWHULVWLFV RI DOO SRO\PHUV ZHUH LQYHVWLJDWHG via WKHUPRJUDYLPHWULF DQDO\VLV
7*$7KHDQDO\VLVZDVFRQGXFWHGLQDQLQHUWQLWURJHQDWPRVSKHUHXVLQJDKHDWLQJUDWHRI&
PLQ$OOSRO\PHUVVKRZHGJRRGWKHUPDOVWDELOLWLHVZLWKGHJUDGDWLRQWHPSHUDWXUHVZHLJKW
ORVV LQ H[FHVV RI & )LJXUH  33(+'773'2 33(+'773'+3 33(+'773'2 DQG
33(+'773'+3 VKRZHG WZR GHFRPSRVLWLRQ WHPSHUDWXUHV RFFXUULQJ DW  
9

DQG&UHVSHFWLYHO\7KHLQLWLDOZHLJKWORVVFRUUHVSRQGVWRWKHORVVRIWKHDON\O
FKDLQVIURPWKHS\UHQHXQLW7KHVHFRQGGHFRPSRVLWLRQSKDVHFDQEHDWWULEXWHGWRGHJUDGDWLRQRI
WKHUHVLGXDOSRO\PHUEDFNERQH

)LJXUH7*$FXUYHVRI33(+'773'233(+'773'+333(+'773'2DQG33(+'773'+3
&\FOLF9ROWDPPHWU\
7KH HOHFWURFKHPLFDO SURSHUWLHV RI 33(+'773'2 33(+'773'+3 33(+'773'2 DQG
33(+'773'+3 ZHUH DQDO\VHG XVLQJ F\FOLF YROWDPPHWU\ &9 )LJXUH  7KH &9
PHDVXUHPHQWV ZHUH SHUIRUPHG XQGHU DQ LQHUW DWPRVSKHUH RI DUJRQ RQ GURSFDVW SRO\PHU WKLQ
ILOPV ZLWK D VFDQ UDWH RI  P9 V 7KH DQDO\VLV ZDV FRQGXFWHG LQ D WHWUDEXW\ODPPRQLXP
SHUFKORUDWHHOHFWURO\WHVROXWLRQ7KH+202DQG/802HQHUJ\OHYHOVZHUHFDOFXODWHGIURPWKH
RQVHW RI WKH R[LGDWLRQ DQG UHGXFWLRQ UHVSHFWLYHO\ 7KH GDWD LV VXPPDULVHG LQ 7DEOH  7KH
+202/802 HQHUJ\ OHYHOV RI 33(+'773'2 33(+'773'+3 33(+'773'2 DQG
33(+'773'+3ZHUHHVWLPDWHGWREHDQGH9
UHVSHFWLYHO\ 3RO\PHUV WKDW SRVVHVV D VLQJOH WKLRSKHQH VSDFHU XQLW 33(+'773'2 DQG
33(+'773'+3 GLVSOD\HG GHHSHU +202 OHYHOV UHODWLYH WR WKRVH ZLWK ELWKLRSKHQH XQLWV
33(+'773'2DQG33(+'773'+37KHVKDOORZHU+202OHYHOVRISRO\PHUVLQFRUSRUDWLQJ
ELWKLRSKHQHXQLWVLVDFRQVHTXHQFHRILQFUHDVHGLQWHUPROHFXODUFKDUJHWUDQVIHUDORQJWKHSRO\PHU
EDFNERQH D ILQGLQJ  FRQVLVWHQW ZLWK WKH ORZHU RSWLFDO EDQG JDSV RI 33(+'773'2 DQG
33(+'773'+3UHODWLYHWR33(+'773'2DQG33(+'773'+3
%RWKRI33(+'773'+3DQG33(+'773'+3ZKLFKKDYHKH[\OSKHQ\OVXEVWLWXHQWVRQWKHLU
73'XQLWVKDYHH[KLELWHGVOLJKWO\VKDOORZHU+202OHYHOVUHODWLYHWRWKHLUDQDORJRXVSRO\PHUV
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33(+'773'2DQG33(+'773'2ZKLFKKDYHRFW\OVXEVWLWXHQWVRQWKHLU73'XQLWV7KLVFDQ
EHDWWULEXWHG WR WKHKLJKHUHOHFWURQGRQDWLQJSURSHUWLHVRI WKHKH[\OSKHQ\OVXEVWLWXHQWVZKHQ
FRPSDUHGWRWKRVHRIRFW\OFKDLQV7KLVDVDUHVXOWUHGXFHVWKHHOHFWURQDFFHSWLQJSURSHUWLHVRI
WKH 73' XQLWV ZKLFK LQ WXUQ UHGXFHV WKH LQWUDPROHFXODU FKDUJH WUDQVIHU EHWZHHQ GRQRU DQG
DFFHSWRU XQLWV DORQJ SRO\PHU FKDLQV DQG SURYLGHV VOLJKWO\ VKDOORZHU +202 OHYHOV DV ZHOO DV
/802OHYHOVWKDWDUHVOLJKWO\FORVHUWRWKHYDFXXPOHYHO7KH/802YDOXHVRIDOOSRO\PHUVDUH
KLJKHU WKDQ WKH/802OHYHORI3&%0H9 >@3UHYLRXV OLWHUDWXUHKDV VKRZQ WKDW D
PLQLPXP HQHUJ\ RIIVHW RI  H9 EHWZHHQ WKH /802 RI WKH SW\SH PDWHULDO FRQMXJDWHG
SRO\PHU DQG WKHQW\SH PDWHULDO IXOOHUHQHGHULYDWLYH LV HQRXJK WR IDFLOLWDWH HIILFLHQW H[FLWRQ
GLVVRFLDWLRQ>@$OOSRO\PHUVV\QWKHVLVHGLQWKLVFRQWULEXWLRQGLVSOD\DQHQHUJ\RIIVHWLQH[FHVV
RI WKLV  H9 PLQLPXP 7KHUHIRUH DOO SRO\PHUV VKRXOG GLVSOD\ HIILFLHQW H[FLWRQ GLVVRFLDWLRQ
ZKHQ IDEULFDWHG LQWR %+- SKRWRYROWDLF GHYLFHV  7KH HOHFWURFKHPLFDO EDQG JDSV (JHOF RI
33(+'773'233(+'773'+333(+'773'2DQG33(+'773'+3ZHUHHVWLPDWHGWREH
DQGH9UHVSHFWLYHO\7KH(JHOFRIWKHIRXUSRO\PHUVDUHFRPSDUDEOHWRWKHLU
RSWLFDOEDQGJDSV

)LJXUH&\FOLFYROWDPPRJUDPVRI33(+'773'233(+'773'+333(+'773'2DQG33(+'7
73'+3
3RZGHU;UD\GLIIUDFWLRQ3;5'
7KH PROHFXODU RUJDQL]DWLRQ DQG FU\VWDOOLQLW\ RI 33(+'773'2 33(+'773'+3 33(+'7
73'2 DQG 33(+'773'+3 LQ VROLG VWDWH ZHUH LQYHVWLJDWHG E\ SRZGHU ;UD\ GLIIUDFWLRQ
3;5')LJXUH)RUHIILFLHQWFKDUJHWUDQVSRUWDQGKLJKSHUIRUPDQFH%+-GHYLFHVSRO\PHU
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FKDLQV QHHG WR GLVSOD\ ZHOORUGHUHG VWUXFWXUHV LQ WKH VROLGVWDWH >@ 33(+'773'2 DQG
33(+'773'+3 ERWKGHPRQVWUDWHGVPDOOSHDNV LQ WKHVPDOODQJOH UHJLRQDWșYDOXHVRI
DQG  UHVSHFWLYHO\ ZKLFK FRUUHVSRQG WR ODPHOODU VWDFNLQJ GLVWDQFHV RI  DQG  c
UHVSHFWLYHO\33(+'773'2DQG33(+'773'+3DOVRGLVSOD\DEURDGGLIIXVHSHDNLQWKHZLGH
DQJOHDWDșYDOXHRIZKLFKFRUUHVSRQGVWRDʌ±ʌVWDFNLQJGLVWDQFHRIc33(+'7
73'+3 H[KLELWHG D ODUJHU ODPHOODU VWDFNLQJ GLVWDQFH UHODWLYH WR33(+'773'2 ZKLFK FDQ EH
DWWULEXWHG WR WKH VWHULFDOO\ EXON\ KH[\OSKHQ\O JURXS DWWDFKHG WR WKH 73' PRLHW\ 7KH VDPH
SKHQRPHQRQ LV REVHUYHG ZKHQ FRPSDULQJ 33(+'773'2 DQG 33(+'773'+3 7KH\ DOVR
UHYHDOHG D VLPLODU ODPHOODU GLVWDQFH WR 33(+'773'2 DQG 33(+'773'+3 ZLWK ODPHOODU
VWDFNLQJ GLVWDQFHV RI  DQG  c UHVSHFWLYHO\ %RWK 33(+'773'2 DQG 33(+'7
73'+3 GLVSOD\HGD UHGXFHGʌ±ʌ VWDFNLQJGLVWDQFHRIc UHODWLYH WR33(+'773'2DQG
33(+'773'+37KHUHVXOWVVXJJHVWWKDWSRO\PHUVFRQWDLQLQJELWKLRSKHQHVSDFHUXQLWVDGRSWD
PRUH GHILQHG DUUDQJHPHQW LQ VROLG VWDWH $ FRQVHTXHQFH WKH H[WHQGHG HOHFWURQLF FRQMXJDWLRQ
EURXJKWDERXWE\WKHLQFRUSRUDWLRQRIELWKLRSKHQHVSDFHUXQLWV

)LJXUH3;5'SDWWHUQVRI33(+'773'233(+'773'+333(+'773'2DQG33(+'773'+3


3KRWRYROWDLF3URSHUWLHV
3UHOLPLQDU\SKRWRYROWDLFPHDVXUHPHQWVRI33(+'773'233(+'773'+333(+'773'2
DQG 33(+'773'+3 ZHUH FRQGXFWHG RQ D VHULHV RI
*ODVV,723('273663RO\PHU3&%0&D$O GHYLFHV XVLQJ EOHQGV RI SRO\PHU3&%0 LQ
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ZHLJKW UDWLRV  &KORUREHQ]HQH ZDV XVHG DV WKH SURFHVVLQJ VROYHQW 7KH J-V FKDUDFWHULVWLF
FXUYHVRIWKHKLJKHVWSHUIRUPDQFHGHYLFHVDUHVKRZQLQ)LJXUH7KHUHVXOWVDUHVXPPDULVHGLQ
7DEOH  33(+'773'2 H[KLELWHG WKH KLJKHVW RSHQ FLUFXLW YROWDJH LQ WKLV VHULHV RI SRO\PHUV
ZLWK D 9RF YDOXH RI  9 7KLV ILQGLQJ LV LQ DJUHHPHQW ZLWK WKH GHHS +202 OHYHO RI WKH
SRO\PHULQFRPSDULVRQWRWKHRWKHUSRO\PHUV+RZHYHUWKHSRZHUFRQYHUVLRQHIILFLHQF\3&(
RI GHYLFHV PDGH ZLWK 33(+'773'2 DUH RQO\   DV D UHVXOW RI WKH SRRU VKRUWFLUFXLW
FXUUHQWVREVHUYHG-VF P$FP$VLPLODU3&(RIZDVREVHUYHGIURP33(+'7
73'+3ZKLFKZDVDOVRFKLHIO\DVDUHVXOWRIDORZ-VFYDOXHP$FP
7KH SKRWRYROWDLF UHVXOWV VXJJHVW WKDW SRO\PHUV ZKLFK LQFRUSRUDWH D ELWKLRSKHQH VSDFHU XQLW
GLVSOD\KLJKHUHIILFLHQFLHVZKHQFRPSDUHGWRWKRVHZKLFKLQFRUSRUDWHVLQJOHWKLRSKHQHVSDFHUV
3KRWRYROWDLFGHYLFHVIDEULFDWHGIURP33(+'773'2GLVSOD\HGWKHKLJKHVW3&(ZLWKDYDOXHRI
7KHGHYLFHGHPRQVWUDWHGDFFRIDJVFP$FPDQGDVRFRI9,Q
FRQWUDVW 33(+'773'+3 GLVSOD\HG D ORZHU 3&(   ZLWK D FF RI   JVF 
P$FP DQG D VRF RI  9 ,W LV K\SRWKHVLVHG WKDW WKH KLJKHU HIILFLHQF\ RI 33(+'773'2
UHODWLYHWR33(+'773'+3DVZHOODVWR33(+'773'+3DQG33(+'773'2LVDUHVXOWRI
LPSURYHGSDFNLQJRISRO\PHUFKDLQVLQSRO\PHU3&%0EOHQGV7KLV\LHOGVLPSURYHGFKDUJH
PRELOLW\DQGH[WUDFWLRQRISKRWRJHQHUDWHGFKDUJHFDUULHUV+RZHYHUDWRPLF IRUFHPLFURVFRS\
LPDJHVDQGH[WHUQDOTXDQWXPHIILFLHQF\PHDVXUHPHQWVDUHUHTXLUHGWRFRQILUPWKLVK\SRWKHVLV


)LJXUH7KH-9FKDUDFWHULVWLFFXUYHVRI33(+'773'233(+'773'+333(+'773'2DQG
33(+'773'+3
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
7DEOH'HYLFH3HUIRUPDQFHRI33(+'773'233(+'773'+333(+'773'2DQG33(+'773'+3
3RO\PHU JVFP$FP VRF9 FF 3&(
33(+'773'2    
33(+'773'+3    
33(+'773'2    
33(+'773'+3    
&RQFOXVLRQ
)RXU QRYHO S\UHQHDOWWKLHQR>F@S\UUROHGLRQH FRSRO\PHUV ZHUH SUHSDUHG via GLUHFW
DU\ODWLRQ SRO\PHULVDWLRQ (LWKHU RFW\O RU KH[\OSKHQ\O VXEVWLWXHQWV ZHUH DWWDFKHG WR WKH 73'
PRLHWLHV DORQJ SRO\PHU FKDLQV LQ RUGHU WR HYDOXDWH WKH LQIOXHQFH RI WKHVH VXEVWLWXHQWV RQ WKH
SKRWRSK\VLFDO HOHFWURQLF DQG SKRWRYROWDLF SURSHUWLHV RI WKH UHVXOWLQJ SRO\PHUV 3RO\PHUV WKDW
SRVVHVV KH[\OSKHQ\O VXEVWLWXHQWV 33(+'773'+3 DQG 33(+'773'+3 H[KLELWHG ORZHU
PROHFXODUZHLJKWVUHODWLYHWRWKHLURFW\ODQDORJXHV33(+'773'2DQG33(+'773'2,W LV
VSHFXODWHG WKDW WKH SODQDU SKHQ\O ULQJ RQ WKH KH[\OSKHQ\O VXEVWLWXHQWV SURPRWH EDFNERQH
SODQDULW\UHVXOWLQJLQDJJUHJDWLRQRISRO\PHUFKDLQV7KLVSKHQRPHQRQSUHYHQWVWKHIRUPDWLRQRI
KLJK PROHFXODU ZHLJKW PDWHULDOV 33(+'773'2 DQG 33(+'773'+3 GLVSOD\HG ORZHU
RSWLFDO EDQG JDSV ZKHQ FRPSDUHG WR 33(+'773'2 DQG 33(+'773'+3 D FRQVHTXHQFH RI
LQFRUSRUDWLQJ ELWKLRSKHQH VSDFHUV DORQJ WKH SRO\PHU EDFNERQH ZKLFK SURPRWH LPSURYHG
LQWUDPROHFXODU FKDUJH WUDQVIHU 3;5' VXJJHVWHG WKDW SRO\PHUV ZLWK ELWKLRSKHQH XQLWV
33(+'773'2 DQG 33(+'773'+3 SRVVHVVHG VPDOOHU ʌʌ VWDFNLQJ GLVWDQFHV UHODWLYH WR
SRO\PHUVZLWKDVLQJOHWKLRSKHQHXQLW33(+'773'2DQG33(+'773'+3%+-SKRWRYROWDLF
GHYLFHVIDEULFDWHGIURP33(+'773'2DQG33(+'773'(+GLVSOD\HGPRGHVWHIILFLHQFLHVRI
DQGUHVSHFWLYHO\7KHKLJKHU3&(YDOXHRI33(+'773'2ZDVDUHVXOWRIDKLJKHU
FF DQGJVF YDOXHV%RWK33(+'773'+3 DQG33(+'773'2 GLVSOD\HGSRRUHIILFLHQFLHVZLWK
YDOXHVQRWH[FHHGLQJ7KHVHSUHOLPLQDU\UHVXOWVKDYHVKRZQWKDWWKHXVHRIS\UHQH73'
FRSRO\PHUV GLVSOD\ SURPLVH DV D SW\SH PDWHULDOV LQ %+- SKRWRYROWDLF FHOOV )XUWKHU ZRUN LV
EHLQJFRQGXFWHGLQWRWKHXVHRIWKHVHQRYHOSRO\PHUVLQ%+-SKRWRYROWDLFGHYLFHV
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
([SHULPHQWDO
0DWHULDOV$OOFKHPLFDOVDQGVROYHQWVZHUHSXUFKDVHGIURPFRPPHUFLDOVXSSOLHUVDQGXVHGDV
UHFHLYHG XQOHVV RWKHUZLVH VWDWHG 7ROXHQH ZDV GULHG DQG GLVWLOOHG RYHU VRGLXP XQGHU DQ LQHUW
DUJRQDWPRVSKHUH$FHWRQLWULOHZDVGULHG DQGGLVWLOOHGRYHUSKRVSKRURXVSHQWR[LGHDQG VWRUHG
XQGHU LQHUW DUJRQ ZLWK PROHFXODU VLHYHV  c RFW\O+WKLHQR>F@S\UUROH+GLRQH
>@ DQG  >
ELWKLRSKHQ@\OWULPHWK\OVWDQQDQH >@ ZHUH V\QWKHVLVHG DFFRUGLQJ WR SUHYLRXV
OLWHUDWXUHSURFHGXUHV
0HDVXUHPHQWV + DQG & QXFOHDU PDJQHWLF UHVRQDQFH 105 VSHFWUD ZHUH UHFRUGHG RQ D
%UXNHU $9   0+] RU %UXNHU $9   0+] XVLQJ FKORURIRUPG &'&O RU
DFHWRQH DFHWRQHG +105 RI WKH SRO\PHUV ZHUH UHFRUGHG RQ %UXNHU $YDQFH ,,, +' 
 0+] VSHFWURPHWHU DW & XVLQJ GLGHXWHURWHWUDFKORURHWKDQH &'&O &RXSOLQJ
FRQVWDQWV DUH JLYHQ LQ+HUW] +](OHPHQWDO DQDO\VLVZDVSHUIRUPHGRQ D 3HUNLQ(OPHU 
VHULHV  &+162 DQDO\VHU 7KH 6FK|QLJHU IODVN FRPEXVWLRQ PHWKRG ZDV XVHG WR DQDO\VH
KDOLGHV*3& DQDO\VLVZDVSHUIRUPHG XVLQJWULFKORUREHQ]HQH DW R& 3RO\PHU VDPSOHV
ZHUH VSLNHG ZLWK WROXHQH DV D UHIHUHQFH 89YLVLEOH DEVRUSWLRQ VSHFWUD ZHUH UHFRUGHG XVLQJ D
+LWDFKL 8 'RXEOH %HDP 899LVLEOH 6SHFWURSKRWRPHWHU 3RO\PHU VROXWLRQV ZHUH PDGH
XVLQJ FKORURIRUP DQG PHDVXUHG XVLQJ TXDUW] FXYHWWHV SDWK OHQJWK   [ P 7*$¶V ZHUH
REWDLQHGXVLQJD3HUNLQ(OPHU7*$7KHUPRJUDYLPHWULF$QDO\VHUDWDVFDQUDWHRI&PLQ
XQGHU DQ LQHUW QLWURJHQ DWPRVSKHUH &\FOLF YROWDPPRJUDPV ZHUH UHFRUGHG XVLQJ D 3ULQFHWRQ
$SSOLHG 5HVHDUFK 0RGHO $ 3RWHQWLRVWDW*DOYDQRVWDW $ WKUHH HOHFWURGH V\VWHP ZDV XVHG
LQFOXGLQJD3WGLVFDVWKHZRUNLQJHOHFWURGHSODWLQXPZLUHDVWKHFRXQWHUHOHFWURGHDQG$J$J&O
DVWKHUHIHUHQFHHOHFWURGH0HDVXUHPHQWVZHUHFDUULHGRXWLQDVROXWLRQRIWHWUDEXW\ODPPRQLXP
SHUFKORUDWH LQDFHWRQLWULOH PROGPRQSRO\PHUILOPV WKDWZHUHSUHSDUHGE\GURSFDVWLQJ
SRO\PHU VROXWLRQ )HUURFHQH ZDV HPSOR\HG DV WKH UHIHUHQFH UHGR[ V\VWHP LQ DFFRUGDQFH ZLWK
,83$&¶VUHFRPPHQGDWLRQV7KHHQHUJ\OHYHORI)F)FZDVDVVXPHGDW±H9WRYDFXXP7KH
KDOIZDYH SRWHQWLDO RI )F)F UHGR[ FRXSOH ZDV IRXQG WR EH  9 vs. $J$J UHIHUHQFH
HOHFWURGH 3RZGHU ;UD\ GLIIUDFWLRQ 3;5' VDPSOHV ZHUH UHFRUGHG RQ D %UXNHU ' DGYDQFH
GLIIUDFWRPHWHUZLWKD&X.ĮUDGLDWLRQVRXUFHcUDWHGDVN:7KHVFDQQLQJDQJOHZDV
FRQGXFWHGRYHUWKHUDQJHR
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
)DEULFDWLRQ DQG WHVWLQJ RI %+- SRO\PHU VRODU FHOOV 7KH SRO\PHUV DQG 3&%0 ZHUH
GLVVROYHGLQFKORUREHQ]HQHDQGZHUHWKHQSXWRQDKRWSODWHKHOGDW&RYHUQLJKWZLWKVWLUULQJ
WR DOORZ GLVVROXWLRQ 7KH SRO\PHUIXOOHUHQH EOHQG UDWLRV ZHUH  3KRWRYROWDLF GHYLFHV ZHUH
IDEULFDWHGRQWRSUHSDWWHUQHG ,72JODVV VXEVWUDWHV RKPVSHU VTXDUH WKDWZHUH VXSSOLHGE\
2VVLOD /LPLWHG 7KH ,72JODVV VXEVWUDWHV ZHUH ILUVW FOHDQHG E\ VRQLFDWLRQ LQ GLOXWH 1D2+
IROORZHG E\ ,3$ $  QP WKLFN 3('27366 OD\HU ZDV VSLQFRDWHG RQWR WKH ,72JODVV
VXEVWUDWHV7KHVHZHUHWKHQWUDQVIHUUHGWRDKRWSODWHKHOGDW&IRUPLQXWHVEHIRUHEHLQJ
WUDQVIHUUHG WR D QLWURJHQ JORYHER[ $OO DFWLYH OD\HUV ZHUH VSLQ FDVW RQWR WKH
JODVV,723('27366VXEVWUDWH7KHGHYLFHVZHUHWKHQWUDQVIHUUHGLQWRDWKHUPDOHYDSRUDWRUIRU
GHSRVLWLRQRIDFDWKRGHQPRIFDOFLXPIROORZHGE\DQPRIDOXPLQLXPHYDSRUDWHGDWD
EDVHSUHVVXUHRI׽íPEDU7KHFDWKRGHZDVGHSRVLWHGWKURXJKDVKDGRZPDVNSURGXFLQJD
VHULHV RI LQGHSHQGHQW SL[HOV 'HYLFHV ZHUH HQFDSVXODWHG XVLQJ D JODVV VOLGH DQG HSR[\ JOXH
EHIRUH WHVWLQJ3&(VZHUHGHWHUPLQHGXVLQJD1HZSRUW$$0 VRODU VLPXODWRU
$Q15(/FDOLEUDWHGVLOLFRQFHOOZDVXVHGWRFDOLEUDWHWKHSRZHURXWSXWWRP:FPíDW
&$QDSHUWXUHPDVNKDYLQJDQDUHDRIPPZDVSODFHGRYHUGHYLFHVWRGHILQHWKHWHVWDUHD
5-(4-Hexylphenyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M2):  
+H[\ODQLOLQH  J  PO  PPRO ZDV DGGHG GURSZLVH WR D VROXWLRQ RI WKLHQR>
F@IXUDQGLRQHJPPROLQDQK\GURXV7+)P/XQGHULQHUWDUJRQDWPRVSKHUH
7KHPL[WXUHZDVOHIWWRVWLUIRUKDWR&8SRQFRPSOHWLRQWKHPL[WXUHZDVFRROHGWRURRP
WHPSHUDWXUHDQGWKLRQ\OFKORULGHJPOPPROZDVWKHQDGGHGGURSZLVH7KHUHDFWLRQ
PL[WXUHZDVVWLUUHGDW&RYHUQLJKW8SRQFRPSOHWLRQRIWKHUHDFWLRQWKHFUXGHPDWHULDOZDV
SUHFLSLWDWHGLQD+2&+2+PL[WXUHP/P/7KHFUXGHPDWHULDOZDVILOWHUHGRIIDQG
SXULILHGviaVLOLFDJHOFROXPQFKURPDWRJUDSK\XVLQJ&+&ODVWKHHOXHQWWRDIIRUGWKHPRQRPHU
DVDZKLWHSRZGHUJPPROM.p. ±&+1050+]&'&O
į+SSPV+GGJ DQG+]+WJ +]+
EU+±EU+WJ +]+&1050+]&'&Oį&SSP
*&06
PDVVFDOFGIRU&+126)RXQG(OHP$QDO&DOFGIRU&+126&
+16)RXQG&+16

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
2,7-Di(thien-2-yl)-4,5,9,10-tetrakis(2-ethylhexyloxy)-pyrene (2)  
'LEURPRWHWUDNLVHWK\OKH[\OR[\S\UHQH   PJ  PPRO WULR
WRO\OSKRVSKLQHPJPPRODQG3GGEDPJPPROZHUHSODFHGLQDRQHQHFN
URXQGERWWRPIODVNDQGSODFHGXQGHUDQLQHUWDUJRQDWPRVSKHUH$QK\GURXVWROXHQHP/DQG
WULEXW\OVWDQQ\OWKLRSKHQH  PO  PPRO ZHUH DGGHG WR WKH UHDFWLRQ PL[WXUH 7KH
UHDFWLRQPL[WXUHZDVUHIOX[HGIRUKRXUV7KHVROYHQWZDVUHPRYHGDQGWKHFUXGHSURGXFWZDV
SXULILHG E\ VLOLFD JHO FROXPQ FKURPDWRJUDSK\ XVLQJ SHWUROHXP&+&O  DV WKH HOXHQW 7KH
WLWOH SURGXFW ZDV FROOHFWHG DV D \HOORZ RLO  J  PPRO   + 105  0+]
&'&Oį+SSPV+GGJ DQG+]+GGJ DQG
+]+GGJ DQG+]+GJ +]+P+
P+WJ +]+WJ +]+&1050+]&'&O
į&SSP
     *&06 PDVV FDOFG IRU &+26  )RXQG 
(OHP$QDO&DOFGIRU&+26&+6)RXQG&+6
2,7-Bis(5-bromo-thien-2-yl)-4,5,9,10-tetrakis(2-ethylhexyloxy)-pyrene (M3)  
'LWKLHQ\OWHWUDNLVHWK\OKH[\OR[\S\UHQH   PJ  PPRO ZDV
GLVVROYHG LQ JODFLDO DFHWLF DFLG PO DQG &+&O  PO 1%URPRVXFFLQLPLGH 1%6 
PJ  PPRO ZDV DGGHG DQG WKH UHDFWLRQ PL[WXUH ZDV OHIW WR VWLU LQ WKH GDUN DW URRP
WHPSHUDWXUH IRUKRXUV8SRQFRPSOHWLRQRI WKHUHDFWLRQ WKHVROYHQWZDVUHPRYHGin vacuo 
DQG WKH FUXGH PDWHULDO ZDV SXULILHG via VLOLFD JHO FROXPQ FKURPDWRJUDSK\ XVLQJ SHWUROHXP
HWKHU&+&ODVWKHHOXHQW7KHWLWOHSURGXFW0ZDVREWDLQHGDVD\HOORZVROLGPJ
PPROM.p. ±&+1050+]&'&Oį+SSPV+
GJ +]+GJ +]+GJ +]+P+
P+WJ +]+WJ +]+&1050+]&'&O
į&SSP
     *&06 PDVV FDOFG IRU &+%U26  )RXQG
(OHP$QDO&DOFGIRU&+%U26&+%U6)RXQG&
+%U6

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
2,7-Di(2,2'-bithiophen-5-yl)-4,5,9,10-tetrakis(2-ethylhexyloxy)-pyrene (3)  
'LEURPRWHWUDNLVHWK\OKH[\OR[\S\UHQH   PJ  PPRO WULR
WRO\OSKRVSKLQHPJPPRODQG3GGEDPJPPROZHUHSODFHGLQDRQHQHFN
URXQGERWWRPIODVNDQGSODFHGXQGHUDQ LQHUWDUJRQDWPRVSKHUH7KHPL[WXUHZDVGLVVROYHG LQ
DQK\GURXVWROXHQHP/DQG
ELWKLRSKHQ\OWULPHWK\OVWDQQDQHPJPPROZDV
DGGHG7KHUHDFWLRQPL[WXUHZDVUHIOX[HGRYHUQLJKW8SRQFRPSOHWLRQWKHVROYHQWZDVUHPRYHG
in vacuo DQG WKH FUXGH SURGXFW ZDV SXULILHG E\ VLOLFD JHO FROXPQ FKURPDWRJUDSK\ XVLQJ
SHWUROHXPHWKHU&+&O DV WKHHOXHQW7KHWLWOHSURGXFWZDVREWDLQHGDVD\HOORZRLO 
PJPPRO+1050+]&'&Oį+SSPV+GJ +]
+GGJ  DQG+]+GGJ DQG+]+GJ 
+]+P+ P+ WJ +]+ WJ +]
+ & 105 &'&O į&SSP       

*&06PDVVFDOFGIRU&+26)RXQG(OHP$QDO&DOFGIRU&+26
&+6)RXQG&+6 
2,7-Bis-(5'-bromo-[2,2']bithiophenyl-5-yl)-4,5,9,10-tetrakis(2-ethylhexyloxy)-pyrene (M4):
'L
ELWKLRSKHQ\OWHWUDNLVHWK\OKH[\OR[\S\UHQHPJPPRO
ZDVGLVVROYHGLQDQK\GURXVFKORUREHQ]HQHP/1%6PJPPROZDVDGGHGDQG
WKHUHDFWLRQPL[WXUHZDVOHIWWRVWLU LQWKHGDUNRYHUQLJKWDW&2QFHWKLVWLPHKDGHODSVHG
WKHWHPSHUDWXUHZDVUDLVHGWR&DQGWKHUHDFWLRQZDVVWLUUHGIRUDIXUWKHUPLQXWHV7KH
VROYHQWZDVUHPRYHGin vacuoDQGWKHFUXGHSURGXFWZDVGLVVROYHGLQGLHWK\OHWKHUP/DQG
SUHFLSLWDWHGLQPHWKDQROP/DQGVHSDUDWHGE\ILOWUDWLRQWRSURGXFHWKHWLWOHSURGXFW0DV
D\HOORZVROLGPJPPROM.p. ±&+1050+]&'&O
į+SSPV+GJ +]+GJ +]+GGJ DQG
+]+GJ  +]+P+P+WJ 
+]+WJ +]+&105&'&Oį&SSP
           
    *&06 PDVV FDOFG IRU &+%U26  )RXQG 
(OHP$QDO&DOFGIRU&+%U26&+%U6)RXQG&
+%U6
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
Poly(4,5,9,10-tetrakis(2-ethylhexyloxy)-2,7-pyrene-alt-1,3-di(thiophene)-(5-octyl-
thieno[3,4,c]pyrrole-4,6-dione)) (PPEHDT-TPDO)  
$ PL[WXUH RI 0  PJ  PPRO RFW\O+WKLHQR>F@S\UUROH+GLRQH 0
 PJ  PPRO 3G&O0H&1 PJ  PRO 3&+R20H  PJ 
PRO&V&2PJPPRODQG3LY2+PJPPROZHUHSXWLQD6FKOHQNWXEH
DQGSODFHGXQGHUDQLQHUWDUJRQDWPRVSKHUH$QK\GURXV7+)P/ZDVDGGHGWRWKHPL[WXUH
7KHUHDFWLRQPL[WXUHZDVVWLUUHGDWURRPWHPSHUDWXUHIRUPLQXWHVDQGWKHQDW&IRUK
7KHVROXWLRQZDVFRROHGGRZQWRURRPWHPSHUDWXUHDQGZDVKHGZLWKZDWHU[P/7KH
RUJDQLF SKDVHV ZHUH FRPELQHG FRQFHQWUDWHG in vacuo DQG SUHFLSLWDWHG LQ PHWKDQRO 7KH
UHVXOWLQJ VROLG ZDV FROOHFWHG via ILOWUDWLRQ DQG VXEMHFW WR 6R[KOHW H[WUDFWLRQ ZLWK PHWKDQRO
DFHWRQHKH[DQHWROXHQHDQGFKORURIRUP7KHFKORURIRUPIUDFWLRQZDVFRQFHQWUDWHGin vacuo DQG
SUHFLSLWDWHG LQ PHWKDQRO 7KH VROLG ZDV ILOWHUHG E\ D PHPEUDQH ILOWHU DQG WKH SRO\PHU ZDV
REWDLQHGDVDGDUNUHGVROLGPJPPRO*3&FKORURIRUPIUDFWLRQMQ 
'DMZ 'D3', +1050+]&'&O&į+SSPV+
 G+ G+ G+ W+ EU+ EU+
(OHP$QDO&DOFGIRU&+126&+16)RXQG&+
16
Poly(4,5,9,10-tetrakis(2-ethylhexyloxy)-2,7-pyrene-alt-1,3-di(thiophene)-(5-(4-hexylphenyl)-
thieno[3,4,c]pyrrole-4,6-dione)) (PPEHDT-TPDHP) 
33(+'773'+3ZDVV\QWKHVLVHGDFFRUGLQJWRWKHSRO\PHULVDWLRQPHWKRGRXWOLQHGIRU33(+'7
73'27KHSRO\PHULVDWLRQUHDFWLRQZDVOHIWUXQQLQJIRUKDQGWKHSURGXFWZDVREWDLQHGDVD
GDUNUHGVROLGPJPPRO*3&WROXHQHIUDFWLRQMQ MZ 3', 
+1050+]&'&O&į+SSPEU+G+G+
T+G+W+EU+EU+
EU+(OHP$QDO&DOFGIRU&+126&+16)RXQG&
+16
Poly(4,5,9,10-tetrakis(2-ethylhexyloxy)-2,7-pyrene-alt-1,3-ELV(2,2ƍ-bithiophene)-(5-octyl-
thieno[3,4,c]pyrrole-4,6-dione)) (PPEHDT2-TPDO) 
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
33(+'773'2ZDVV\QWKHVLVHGDFFRUGLQJWRWKHSRO\PHULVDWLRQPHWKRGRXWOLQHGIRU33(+'7
73'2 7KH SRO\PHULVDWLRQ UHDFWLRQ ZDV OHIW UXQQLQJ IRU RQO\  K DV D UHVXOW RI IRUPDWLRQ RI
SRO\PHUSUHFLSLWDWHVDWDQHDUO\VWDJHRI WKHUHDFWLRQ7KHSRO\PHUZDVREWDLQHGDVDGDUNUHG
VROLG  PJ  PPRO   *3& FKORURIRUP IUDFWLRQ MQ    MZ    3',  
 + 105  0+] &'&O & į+SSP EU +  G +  GG
+  GG +  G +  W +  EU + (OHP $QDO &DOFXG IRU
&+126&+16)RXQG&+16
Poly(4,5,9,10-tetrakis(2-ethylhexyloxy)-2,7-pyrene-alt-1,3-ELV(2,2ƍ-bithiophene)-(5-(4-
hexylphenyl)-thieno[3,4,c]pyrrole-4,6-dione)) (PPEHDT2-TPDHP) 
33(+'773'+3 ZDV V\QWKHVLVHG DFFRUGLQJ WR WKH SRO\PHULVDWLRQ PHWKRG RXWOLQHG IRU
33(+'773'27KHSRO\PHULVDWLRQUHDFWLRQZDVOHIWUXQQLQJIRUKDVDUHVXOWRIIRUPDWLRQRI
SRO\PHUSUHFLSLWDWHVDWDQHDUO\VWDJHRIWKHUHDFWLRQ7KHSRO\PHUZDVREWDLQHGDVDEODFNVROLG
PJPPRO*3&FKORURIRUPIUDFWLRQMQ MZ 3', +
1050+]&'&O&į+SSPEU+G+G+
T+G+W+EU+EU+EU
+ (OHP $QDO &DOFG IRU &+126 &  +  1  6  )RXQG &
+16
$FNQRZOHGJHPHQWV
:HZRXOGOLNHWRWKDQN7DLEDK8QLYHUVLW\.LQJGRPRI6DXGL$UDELDIRUWKHDZDUGRID
VFKRODUVKLS %DNKHW $ $OTXUDVK\ DQG WKH 8QLYHUVLW\ RI 6KHIILHOG IRU WKH DZDUG RI D
VFKRODUVKLS<LZHL=KDQJ

5HIHUHQFHV
>@4<H&&KL&RQMXJDWHGSRO\PHUVIRURUJDQLFVRODUFHOOV6RODU&HOOV²1HZ$VSHFWVDQG
6ROXWLRQV.RV\DFKHQNR/$HG,Q7HFK5LMHND
>@ / &DUWZULJKW $ ,UDTL < =KDQJ 7 :DQJ '* /LG]H\ ,PSDFW RI IOXRULQH VXEVWLWXWLRQ
XSRQ WKHSKRWRYROWDLFSURSHUWLHVRIEHQ]RWKLDGLD]ROHIOXRUHQHDOWHUQDWHFRSRO\PHUV56&$GY

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>@*/L5=KX<<DQJ3RO\PHUVRODUFHOOV1DW3KRWRQLFV
>@ 70 &ODUNH -5 'XUUDQW &KDUJH SKRWRJHQHUDWLRQ LQ RUJDQLF VRODU FHOOV &KHP 5HY

>@ 6$ *HYRUJ\DQ 09 0DGVHQ % 5RWK 0 &RUD]]D 0 +|VHO 55 6¡QGHUJDDUG 0
-¡UJHQVHQ )& .UHEV /LIHWLPH RI RUJDQLF SKRWRYROWDLFV VWDWXV DQG SUHGLFWLRQV $GY (QHUJ\
0DWHU
>@7$PHUL3.KRUDP-0LQ&-%UDEHF2UJDQLFWHUQDU\VRODUFHOOVDUHYLHZ$GY0DWHU

>@ . :DQJ 0 :DQJ 'LUHFW $U\ODWLRQ 3RO\PHUL]DWLRQ $ *UHHQ 6WUHDPOLQLQJ 6\QWKHWLF
$SSURDFKWRʌFRQMXJDWHG3RO\PHUV&XUU2UJ&KHP
>@320RULQ7%XUD%6XQ6,*RUHOVN\</L0/HFOHUF&RQMXJDWHG3RO\PHUVj OD
&DUWH IURP 7LPH&RQWUROOHG 'LUHFW +HWHUR $U\ODWLRQ 3RO\PHUL]DWLRQ $&6 0DFUR /HWW 

>@( ,L]XND0:DNLRND)2]DZD0L[HG/LJDQG$SSURDFK WR3DOODGLXP&DWDO\]HG'LUHFW
$U\ODWLRQ 3RO\PHUL]DWLRQ 6\QWKHVLV RI 'RQRU±$FFHSWRU 3RO\PHUV ZLWK 'LWKLHQRVLOROH '76
DQG7KLHQRS\UUROHGLRQH73'8QLWV0DFURPROHFXOHV
>@+=KRX/<DQJ:<RX5DWLRQDOGHVLJQRIKLJKSHUIRUPDQFHFRQMXJDWHGSRO\PHUVIRU
RUJDQLFVRODUFHOOV0DFURPROHFXOHV
>@ 3 %HUURXDUG 6S 'XIUHVQH $ 3URQ - 9HLOOHX[ 0 /HFOHUF /RZFRVW V\QWKHVLV DQG
SK\VLFDO FKDUDFWHUL]DWLRQ RI WKLHQR > F@ S\UUROH GLRQHEDVHG SRO\PHUV - 2UJ &KHP

>@ -: 5XPHU &. +RU , 0HDJHU &3 <DX = +XDQJ &% 1LHOVHQ 6( :DWNLQV +
%URQVWHLQ,0F&XOORFK$ON\OVLGHFKDLQEUDQFKLQJSRLQWHIIHFWVLQWKLHQR>F@S\UUROH
GLRQHFRSRO\PHUV-2UJ6HPLFRQG
>@ / /X 7 =KHQJ 4 :X $0 6FKQHLGHU ' =KDR / <X 5HFHQW DGYDQFHV LQ EXON
KHWHURMXQFWLRQSRO\PHUVRODUFHOOV&KHP5HY
>@7<&KX-/X6%HDXSUp<=KDQJ-53RXOLRW-=KRX$1DMDUL0/HFOHUF<7DR
(IIHFWVRIWKH0ROHFXODU:HLJKWDQGWKH6LGHǦ&KDLQ/HQJWKRQWKH3KRWRYROWDLF3HUIRUPDQFHRI
'LWKLHQRVLOROH7KLHQRS\UURORGLRQH&RSRO\PHUV$GY)XQFW0DWHU
>@ &P &DEDQHWRV $ (O /DEEDQ -$ %DUWHOW -' 'RXJODV :5 0DWHNHU -0 )UpFKHW
0'0F*HKHH30%HDXMXJH/LQHDUVLGHFKDLQVLQEHQ]R>EEƍ@GLWKLRSKHQH±WKLHQR
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> F@ S\UUROH GLRQH SRO\PHUV GLUHFW VHOIDVVHPEO\ DQG VRODU FHOO SHUIRUPDQFH - $P
&KHP6RF
>@/=|SKHO'%HFNPDQQ9(QNHOPDQQ'&KHUFND55LHJHU.0OOHQ$V\PPHWULF
S\UHQH GHULYDWLYHV IRU RUJDQLF ILHOGHIIHFW WUDQVLVWRUV &KHP &RPPXQ   

>@6</LX:4/LX-4;X&&)DQ:))X-/LQJ-<:X006KL$.<
-HQ += &KHQ 3\UHQH DQG GLNHWRS\UURORS\UUROHEDVHG ROLJRPHUV V\QWKHVL]HG YLD GLUHFW
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